Additional evidence is given that in Streptomyces strains R39, R61, and Kll the same enzyme performs DD-carboxypeptidase and transpeptidase activities and that this enzyme is the killing site of #-lactam antibiotics. With strain R61, it was found that the exocellular enzyme has a sensitivity towards some antibiotics different from that of the membrane-bound enzyme. Under the growth conditions used in the present investigations, ,B-lactamase activity was not involved in susceptibility to fl-lactam antibiotics.
The susceptibility of bacteria to penicillins and cephalosporins is a complex phenomenon. It depends upon (i) the sensitivity of the target itself, i.e., the membrane-bound transpeptidase which cross-links the peptides of the nascent peptidoglycans (14, 15) , (ii) the fi-lactamase activity of the bacteria (2) , and (iii) the permeability of the bacterial envelope to the antibiotics and the nonspecific fixation of the antibiotic by cell-envelope components other than the transpeptidase (12) . During growth, Streptomyces strains R39, R61, and Kll excrete $-lactamases and DD-carboxypeptidases-transpeptidases. The efficiency and specificity profile of the ,B-lactamases of strains Kll and R39 towards gS-lactam antibiotics has been described (7) . The DD-carboxypeptidases-transpeptidases excreted by strains R39, R61, and Kll were showin to function as hydrolytic enzymes (carboxypeptidases) or synthesizing enzymes (transpeptidases) depending upon the availability of nucleophilic groups (water or NHrR). These enzymes had a considerable specificity in their substrate requirements both for donor peptides and for acceptor amino groups, strongly suggesting that they were the membrane-bound transpeptidases which had undergone solubilizationi (8, 9, 11 ).
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studied the in vivo susceptibility of Streptomyces strains to #-lactam antibiotics as related to their P-lactamase activity and the properties of their exocellular DD-carboxypeptidases-transpeptidases and membrane-bound transpeptidases.
MATERIALS AND METHODS Antibiotics. 6-Aminopenicillanic acid, benzylpenicillin, substituted bensylpenicillins, phenoxymethylpenicillin, and various cephalosporins were used (see Fig. 1 in the accompanying paper [71) .
Culture media. Peptone-oxoid medium and glycerol-casein medium have been described previously (8) . Agar-CGY medium contained, per liter of final volume: agar, 20 g; Casamino Acids (Difco), 3 g; glycerol, 30 ml; and yeast extract (Difoo), 3 Transpeptidase activity of exocellular enzymes and its inhibition by 6-lactam antibiotics. The conditions of the tests were as described above for the determination of carboxypeptidase activity except that 14C-glycine was added to the reaction mixtures. The molar ratios of 14C-glycine (i.e., the acceptor) to Na,NEdiacetyl -L -lysyl -D -alanyl -D -alanine (i.e., the donor) were 10:1 for enzymes from R61 and Kll and 20:1 for enzyme from R39. The amiiouint of NNa,N-diacetyl-L-lysyl-D-alanyl transferred from the tripeptide donor to "4C-glycine (i.e., the yield of transpeptidation) was determined as described previously (11) . The transpeptidation product, N-,N-diacetyl-L4ysyl-D-alanyl-"'C-glycine, was separated from the excess of "4C-glycine by paper electrophoresis at pH 5.6, and the amount of radioactivity incorporated was measured with a Packard Tri-Carb liquid scintillation spectrometer. In the absence of antibiotic, the yield of transpeptidation was 40%/, expre#sed as conversion of the donor tripeptide.
Membrane -bound transpeptidase from Streptomyces R61. Membranes were prepared essentially as described by Munoz et al. (10) . Streptomyces R61 was grown (volume of inoculum, 5%) for 48 hr at 29 C, with vigorous shaking, in 1-liter flasks containing 500 ml of peptoneOxoid medium. This medium was used rather than glycerol-casein medium because less carboxypeptidase-transpeptidase is excreted by the growing bacteria in peptone-Oxoid medium than in glycerol-casein medium. The mycelium (from 2.5 liters of culture) was harvested, washed four times with distilled water by decantation, resuspended in water, homogenized with a Potter Elvehjem tissue homogenizer, and centrifuged at 10,000 X g for 20 min. The pellet was washed twice by centrifugation (10,000 X g, 20 min) with 0.1 m tris (hydroxymethyl)aminomethane (Tris)-hydrochloride buffer, pH 7.5, and finally resuspended in 100 ml of the same buffer supplemented with 0.05 M MgC12 and 25 g of sucrose. After homogenization as above, 250 mg of lysozyme was added, and the suspension was kept at 4 C for 20 hr. The pellet obtained after centrifugation at 12,000 X g for 15 min was suspended in 100 ml of 0.05 M Tris-hydrochloride buffer, pH 7.5, containing 0.005 M MgCl2 and 75 mg of deoxyribonuclease I (pancreatic). The suspension was kept at room temperature until complete lysis occurred (usually 16 hr). The lysate was centrifuged at 1,100 X g for 10 min; the pellet was resuspended in 100 ml of 0.05 M Tris-hydrochloride buffer (pH 7.5) plus 0.005 M MgCIs and centrifuged again at 1,100 X g for 10 min. The supernatant fluids of the two last centrifugations were combinied and centrifuged at 37,000 X g for 30 min, yielding the membrane preparation. Membranes were suspended in a volume of 0.03 M KHPO4 such that the suspension contained about 25 mg of protein per ml. The membrane suspensions could be stored at 4 C, in the presence of thymol, for 6 weeks without loss of transpeptidase activity. The same technique as above was applied to Streptomyces R139, but the membranes did not exhibit transpeptidase or carboxypeptidase activ- 14C-glycyl-glycine, was separated from the excess of "4C-glycyl-glycine by paper electrophoresis at pH 5.6 for 2 hr at 30 v/cm, and the amount of radioactivity incorporated was measured as described above. In the absence of antibiotic, the yield of transpeptidation (expressed as conversion of the donor tripeptide) was 30 to 40%, depending upon the membrane preparation. Transpeptidation reactions with acceptors other than glycyl-glycine were also carried out under the same conditions. When no radioactive acceptor was available, the radioactive tripeptide and '4C-glycyl-glycine (acceptor) by the R61 membrane-bound enzyme. Incubation was for 16 hr at 37 C with R61 membranes (500 ug of protein) in a final volume of 37 uliters of 0.017 M K2HPO4 containing 0.27% Triton X-100. At a molar ratio of acceptor to donor of 10:1, the yield of transpeptidation was almost maximal (35%, expressed as conversion of the tripeptide donor) and was proportional to the amount of membrane present in the reaction mixture. Triton X-100 (0.27%) was not necessary for the transpeptidation reaction to occur and did not solubilize the enzyme activity which remained sedimentable (40,000 X g, 30 min). However, the presence of the detergent in the reaction mixture facilitated the separation of the transpeptidation product by paper electrophoresis (Materials and Methods). Table 4 shows that the specificity l)rofile of the membrane-bound transpep- acid, and 2-amino-D-galacturonic acid are good acceptors for both exocellular and membranebound enzymes. Glycyl-D-alanine is a poor acceptor, and L-alanine, L-alanyl-L-alanine, and D-alanyl-D-alanine are not acceptors at all. However, in spite of this similarity between the substrate requirements, the relative yields of transpeptidation with the various acceptors are not identical for the two enzyme preparations. Under the same conditions as above, and even in the absence of acceptor, the R61 membrane preparation did not hydrolyze the tripeptide donor into D-alanine and Na,N'-diacetyl-Llysyl-D-alanine. This lack of carboxypeptidase activity is no doubt related to the fact that the purified exocellular DD-carbox.ypeptidases-transpeptidases from Streptomyces R61 and R39 can be forced to work preferentially as transpeptidase rather than as carboxypeptidase by properly adjusting the conditions of the in vitro assays (Ghuysen et Tables 2 and 3, The tests were performed on isolated colonies of identical size by the starch-iodine method. The diameters of the decolorized zones around the colonies were 0, 2.5, and 4 mm, respectively, for strains R61, R39, and Kl1 after 10 min at Table 2 in the accompanying paper [7] ) clearly confirms that the susceptibility of these Streptomyces strains to ,-lactam antibiotics is not related to their f3-lactamase activities, at least under the growth conditions used for the tests. #-Lactamase activity thus appears to be irrelevant to antibiotic susceptibility, at least under the conditions used for the determination of the ability of conidia to form colonies in the presence of antibiotics. Although for many bacteria there is a high correlation between penicillinase production and penicillin resistance, there are also numerous examples in the literature which are not consistent with the idea that penicillinase is the prime factor involved in resistance (13 R61 provide the explanation of these discrepancies. These experiments show that the sensitivity of the R61 exocellular enzyme towards some antibiotics may be very different from that of the corresponding membrane-bound enzyme. An increased resistance of the membrane-bound enzyme, compared to that of the exocellular enzyme, can be easily explained, since nonspecific binding sites for these antibiotics are likely to occur on the membrane. An increased sensitivity of the membrane-bound enzyme is more difficult to interpret. It suggests conformational changes of the enzyme as the result of its integration in the lipophilic environment of the membrane. Integration of the enzyme into the membrane, however, does not seem to modify its general specificity profile for peptide acceptors.
The present work suggests that in Streptomyces sp. carboxypeptidase and transpeptidase activities are performed by the same enzyme, and this enzyme, when integrated into the membrane, seems to be the killing site for ,-lactam antibiotics. Contrary to what has been observed in Streptomyces sp., it has been proposed by Blumberg and Strominger (1) that in BaciUlus subtilis the killing site, i.e., the transpeptidase, is distinct from the carboxypeptidase. Their conclusion was mainly based on the fact that 6-aminopenicillanic acid inactivated at least 95% of the carboxypeptidase activity (toluenetreated cells) at nonlethal concentrations (liquid cultures) and, conversely, that cephalothin was lethal at concentrations that did not inactivate the enzyme. One should note, however, that a similar conclusion would have been drawn in the case of Streptomyce8 R61 if, for example, onie had limited the investigations to the simple comparison between the LD50 values for 6-aminopenicillanic acid and cephalosporin C and the corresponding ID50 values of the exocellular carboxypeptidase-transpeptidase. Indeed, 6-aminopenicillanic acid is 70 times more active on the soluble enzyme than in vivo and, conversely, cephalosporin C is 200 times less active on the soluble enzyme than in vivo.
186 DUSART ET AL.
